The study and treatment of pulmonary diseases may be greatly facilitated by in vivo expression of specific recombinant genes in the pulmonary vasculature and lung parenchyma. To evaluate the feasibility of gene transfer to the pulmonary vasculature, cationic liposomes and adenoviral vectors encoding a human placental alkaline phosphatase (hpAP) gene were delivered into a pulmonary artery of 24 pigs by percutaneous right heart catheterization.
T he introduction of foreign DNA into somatic cells facilitates in vivo investigations of gene expression and function in targeted cells and offers an approach to the genetic treatment of many diseases, including pulmonary diseases. Endobronchial gene delivery to respiratory epithelium has been performed by using viral and nonviral vectors,1-8 and this strategy is being evaluated as a treatment for cystic fibrosis.910 In studies of endobronchial gene delivery, expression of a reporter or cystic fibrosis transmembrane regulator gene was observed in epithelial cells lining the conducting airways and distal lung but not vascular endothelium, suggesting that this may not be the optimal route for gene delivery to pulmonary vascular cells. Delivery of recombinant genes into the pulmonary vasculature could potentially result in expression of recombinant genes in a large number of cells, including endothelial cells and alveolar cells. Expression of exogenous genes in these cells could facilitate investigations of the pathobiology of pulmonary vascular diseases and the potential development of genetic treatments.
Gene transfer to the arterial wall of femoral, coronary, and carotid vessels has been performed by using nonviral and viral vectors, including cationic lipo-somes,'1-13 retroviruses,'114 and adenoviruses. '5-18 Adenoviral infection of arteries is highly efficient, but gene expression is limited to several weeks. '5,16,18 In addition, adenoviral vectors may have systemic toxicities related to direct cytopathic effects of high-titer adenoviral infection or an immunologic response following adenoviral infection.19-21 Retroviral vectors transduce vascular cells more stably and without adverse effects but with lower transduction efficiencies. 11, 14 In contrast, cationic liposomes transfect with higher efficiency than retroviruses and less effectively than adenoviruses but are associated with a favorable safety profile.22 Expression of recombinant genes in the pulmonary vasculature has not been examined, and the efficiency and stability of these vectors in pulmonary vascular cells in vivo is unknown.
Accordingly, the aims of the present study were (1) to evaluate the transfer and expression of recombinant genes in the pulmonary vasculature in vivo by using a percutaneous catheter-based approach, (2) to determine cells transduced after intravascular delivery, (3) to examine the duration of gene expression, and (4) to investigate potential inflammatory changes in the lung and other organs associated with delivery of liposome and adenoviral vectors to the pulmonary vasculature.
Materials and Methods

RSV Alkaline Phosphatase and Nuclear-Targeted lacZ Plasmid Expression Vectors
A plasmid expression vector encoding a human placental alkaline phosphatase (hpAP) cDNA was constructed by cloning a heat-stable human placental alkaline phosphatase gene23 into the RSV-/3 globin vector24 digested with Bgl II and HindlIl (RSVhpAP). The vector uses the RSV promoter, which directs expression of the hpAP gene. This gene was selected as a reporter, since the protein is heat stable above 65°C and can be distinguished from endogenous alkaline phosphatase by heat inactivation. Porcine endothelial cells were derived from the aorta of 6-month-old domestic Yorkshire pigs and were used between the second and fifth passages. To test the efficiency of the vector, the RSVhpAP vector was transfected into porcine endothelial cells grown in triplicate in six-well dishes to 70% confluence in medium 199 with 10% fetal bovine serum (FBS) by use of 1 to 10 ,ug DNA and 10 jig Lipofectamine (2,3-dioleyloxy-N-[2(sperminecarboxamido)ethyl]-N,N-dimethyl-1-propanaminium trifluoroacetate and dioleoylphosphatidylethanolamine, GIBCO BRL) in a final volume of 1 mL. Cells were not growth-arrested before transfection. Two days after liposomal transfection, cells were fixed in 10% buffered formalin, and histochemical analysis to detect alkaline phosphatase protein was performed after heat inactivation for 60 minutes at 65°C. The percentage of transfected cells was calculated by counting 500 cells in each of six wells and noting the number of cells with cytoplasmic dominant purple staining. A plasmid expression vector encoding a nuclear targeted lacZ gene (RSVnt lacZ) was constructed by cloning a nuclear targeted lacZ cDNA25 into the RSV-/3 globin vector24 digested with Bgl II and HindIll.
Adenoviral Vectors Expressing a Human Placental Alkaline Phosphatase cDNA
A recombinant adenoviral vector, ADV-hpAP, was constructed by homologous recombination between sub360 genomic DNA, an Ad5 derivative with a partial E3 gene deletion, and an hpAP expression plasmid, pAd-hpAP. Briefly, the pAd-hpAP plasmid was prepared by introducing an hpAP expression vector, containing the cytomegalovirus (CMV) enhancer, hpAP cDNA, and SV40 poly(A), into the Bgl II site of pAd-Bgl II, which contained the left section of the Ad5 genome but not E1A and E1B (M. Goldman and J.M. Wilson, unpublished data). A human embryonic kidney cell line, 293, which expresses El, was cotransfected with 10 1g Nhe I-digested pAd-hpAP and with 1 ,g Cla I-and Xba I-digested sub360 DNA. Infectious viruses were purified by plaque isolation. Recombinant virus stocks were prepared in 293 cells infected with purified recombinant adenoviral stocks at a multiplicity of infection (MOI) of 10. Cell pellets were purified by two rounds of cesium chloride step gradients, and virus was desalted by gel filtration.26 Viral stocks were evaluated for the presence of replication-competent adenovirus by infection at an MOI of 10 on 3T3 cells; none of the stocks used in these experiments yielded such effects. Control experiments in vivo were performed with an El-deleted adenoviral vector lacking a cDNA insert (ADV-AE1). 27 To test the efficiency of the ADV-hpAP vector, adenoviral infection of porcine endothelial cells was performed by growing cells in triplicate in six-well dishes to 70% confluence in medium 199 with 10% FBS. Cells were not growth-arrested before infection. The cells were washed twice in phosphatebuffered saline (PBS) and incubated for 1 hour with 1 mL virus lysate in titers ranging from 106 to 1010 plaque-forming units (pfu)/mL (MOI, 101 to 105 pfu per cell) at 37°C. The culture dish was agitated gently every 15 minutes. Cells were washed five times in PBS and incubated for 48 hours in 10 mL of media (medium 199 with 10% FBS). Cells were washed and fixed for 5 minutes in 10% buffered formalin. Histochemical staining for alkaline phosphatase was performed after heat inactivation for 60 minutes at 65°C. The percentage of infected cells was calculated by counting 500 cells each in three dishes as described above.
In Vivo Gene Transfer
All in vivo studies were performed with the approval of the University of Michigan Committee on the Use and Care of Animals. Twenty-eight animals were investigated. In vivo gene transfer was performed in 24 domestic Yorkshire pigs (20 to 25 lb). In addition to these animals, two pigs were studied as normal controls, and two pigs were studied as saline controls. After sedation with telazol (6 mg/kg body wt) and xylazine (2.2 mg/kg), the pigs were intubated and anesthetized with 1% halothane, and with the use of sterile techniques, percutaneous catheterization was performed through the right femoral vein. An 8F introducer sheath was placed in the right femoral vein by using the Seldinger technique, and a 7F end-hole balloon-tipped catheter (Medi-Tech) was inserted through the sheath, inflated with 1 cm3 of air, and advanced through the inferior vena cava, right atrium, and right ventricle into the left pulmonary artery under fluoroscopic guidance. The catheter was floated into the left posterior basal artery and lodged in a pulmonary artery to occlude blood flow. Five milliliters of contrast was delivered through the catheter to confirm catheter position and the arrest of blood flow. Confirmation of the arrest of blood flow was performed to ensure that delivery of DNA and vectors would proceed antegradely in the artery and not diffuse retrogradely. The artery was flushed with 20 mL sterile saline through the end hole of the catheter. The RSVhpAP DNA and liposomes were prepared 15 minutes before transcatheter injection by dilution of 5 ,ug RSVhpAP DNA (stock concentration, >1 mg/mL) in 0.5 mL Opti-MEM (GIBCO BRL) and 10 ,ug Lipofectamine in 0.5 mL Opti-MEM. The RSVhpAP DNA and Lipofectamine solutions were mixed by vortex and diluted in Opti-MEM to a final volume of 1.6 mL. ADV-hpAP viral stocks (1.2x 109 pfu/mL) were prepared by diluting 1 mL virus lysate in 0.6 mL PBS to a total volume of 1.6 mL. The RSVhpAP DNA liposomal conjugates (total volume, 1.6 mL) or ADV-hpAP vectors (total volume, 1.6 mL) were infused through the distal end of the balloon into the left posterior basal artery, flushed with 1.0 mL Opti-MEM to clear the dead space of the catheter, and incubated for 20 minutes. After incubation, the balloon was deflated, the catheter and introducer sheath were removed, and the right femoral vein was compressed to obtain hemostasis. Thirteen pigs underwent liposomal transfection and were euthanized at 20 minutes for autoradiography (n=2) and at 5 days (n=4), 14 days (n=4), and 28 days (n=2). In the group of pigs euthanized at 5 days, three received RSVhpAP plasmid, and one was transfected with a RSVnt lacZ plasmid as a control. Eleven pigs underwent adenoviral infection in the lung and were euthanized at 5 days (n=6), 14 days (n=3), or 28 days (n=2). Of the six pigs euthanized at 5 days, five were infected with ADV-hpAP vectors, and one was infected with an ADV-AE1 vector as a control. In addition, two pigs that did not undergo anesthesia or percutaneous catheterization were studied as normal controls. In two other pigs, saline was injected into the left posterior basal artery, and they were euthanized at 5 days. These animals were examined as saline controls.
At the time of death, tissue samples were obtained from the transfected left lower lung, nontransfected left upper lung, nontransfected right lung, carotid artery, heart, liver, spleen, kidney, lower limb skeletal muscle, and ovary or testes. Tissue from lung was processed for the following assays: isolation of DNA and RNA for analysis by polymerase chain reaction (PCR), immunohistochemistry, and light microscopy. Lung samples for DNA and RNA isolation were snap-frozen in liquid nitrogen and stored at -70°C. Organs were biopsied for light microscopy. In addition, samples of blood were obtained before gene transfer and at the time of death for biochemical analyses, including glucose and electrolyte levels and renal and hepatic function.
Examination of Gene Transfer and Expression: Analysis of DNA
The presence of hpAP DNA from transfected lung was analyzed by PCR. Genomic DNA was prepared from tissue by standard proteinase K digestion and phenol and chloroform extraction.28 A PCR analysis was performed by using 100 ng genomic DNA for 30 cycles of denaturation (94°C, 1 minute), annealing (60°C, 2 minutes), and polymerization (72°C, 2 minutes).29 Oligonucleotide primers were synthesized from hpAP cDNA sequences, which generate an =400-bp fragment: sense (30-mer), TGG GGC CCT GCA TGC TGC TGC TGC TGC TGC; antisense (30-mer), TGG AAG TTG CCC TTG ACC CCG CAC AGG TAG. The sense primers were selected from regions ':=50 bp upstream from the transcription start site. Samples were analyzed by ethidium bromide staining on a 1% agarose gel. Positive and negative controls were performed with each PCR. The sensitivity of the PCR analysis is approximately one copy of recombinant gene per 10' genomes.30
Examination of Gene Transfer and Expression:
Analysis of mRNA Expression of hpAP mRNA was detected by reverse transcriptase PCR. Tissue samples were obtained under sterile conditions, and total cellular RNA was prepared from tissue samples by acid guanidinium isolation.31 Nucleic acids were extracted and treated with DNase 1 (3 mL, 10 to 50 x 104 U/mL, RNase-free, Boehringer Mannheim Biochemicals) in buffer (mmol/L: Tris-HCl 40, pH 7.9, NaCl 10, MgCl2 6, and CaCl2 0.1) at 37°C for 30 minutes to eliminate contamination. Samples were analyzed in the presence or absence of reverse transcriptase (15 U, Promega). Primers were generated from cDNA sequence as described above. The PCR analysis of mRNA was performed by using 35 cycles of denaturing, annealing, and polymerization as described above.
Autoradiography
To determine the cellular localization of DNA transfer, autoradiography was performed in two pigs. Balloon catheters were placed in the left posterior basal artery. For each artery, 2 ,ug of "S-labeled plasmid DNA expressing hpAP (1.4x 10' cpm/,ug) was prepared with Lipofectamine. The radiolabeled DNA liposome solution was instilled into the left posterior basal artery, flushed with 1 mL Opti-MEM, and incubated for 20 minutes. The vessels were fixed in situ with formalin, removed, embedded in paraffin, and cut into 4-gm sections. The sections were processed by dipping in Kodak NTB2 emulsion (IBI), exposed for 2 weeks at 4°C, and counterstained with hematoxylin and eosin.
Histochemistry
Expression of recombinant hpAP protein was detected by histochemical analysis of transfected cells and biopsied tissue. Two days after transfection, cells were washed once in serumfree medium and fixed in 10% buffered formalin. The cells were removed from the culture dish, spun to form pellets, and embedded in paraffin. Tissue specimens from harvested organs were fixed in 10% buffered formalin for 16 hours, placed in 70% ethyl alcohol, and embedded in paraffin. Paraffin blocks were sectioned at a thickness of 6 ,um onto poly-L-lysine slides. The slides were deparaffinized in three changes of xylene, rehydrated in 100%, 95%, and 75% ethyl alcohol, and incubated in PBS at 65°C for 60 minutes to inactivate endogenous alkaline phosphatase. The sections were incubated in PBS containing a chromogenic substrate of 5-bromo-4-chloro-3-indolyl phosphate-p-toluidine (1 mg/mL, GIBCO BRL) and nitro blue tetrazolium chloride (1 mg/mL, GIBCO BRL) for 19 hours. This substrate yields a dark blue purple stain in the presence of alkaline phosphatase. Sections were rinsed with PBS and counterstained with a neutral red stain.
Immunohistochemistry
Immunohistochemical studies were performed to identify endothelial cells and alveolar epithelial cells with a human anti-von Willebrand (vWF) antibody and a human anti-AE1/ AE3 cytokeratin antibody, respectively, by using an immunoperoxidase method as previously described. 32 Briefly, sections were deparaffinized, and endogenous peroxidase activity was blocked with H202 for 5 minutes. With 1% bovine serum albumin used as a diluent, the primary antibody was applied for 60 minutes as follows: endothelial cells, 1:500 concentration of a mouse anti-human vWF antibody (Dakopatts); epithelial cells, a 1:50 concentration of a mouse anti-human AE1/AE3 cytokeratin antibody (Boehringer Mannheim). The second antibody, horse anti-mouse IgG2 (1:400 dilution, Zymed Laboratories, Inc), was applied for 30 minutes, followed by ABC avidin-biotin amplification (Vector Laboratories) for 30 minutes. Peroxidase development produced a brown reaction product, and nuclear counterstaining with hematoxylin was performed.
Measures of Efficiency of Gene Transfer
To investigate the transfection efficiency of each vector in the lung, specimens from transfected posterior segments of the left lower lung in pigs euthanized 5 days after gene transfer (n=3 cationic liposomes, n=5 adenoviral vectors) were subjected to histochemical staining for alkaline phosphatase. Quantitative morphometry (Image One System, Universal Imaging Corp) was used to count the number of alkaline phosphatase-positive cells and the total number of cells within a high power field (hpf). In each pig, five random hpfs (x400) were counted in each of five specimens from transfected lung tissue. Transfection efficiency was calculated as the ratio of alkaline phosphatase-positive cells per total number of cells in each hpf. In each pig, the ratios from the 25 hpfs were averaged.
Analysis of Organ Toxicity
Organ specimens, including transfected and nontransfected lung, carotid artery, heart, liver, kidney, spleen, lower limb skeletal muscle, and ovary or testes, were formalin-fixed, paraffin-embedded, sectioned, and stained with hematoxylin and eosin. Representative sections were examined by an experienced pathologist (D.G.) in a blinded fashion. In review of lung tissue, a scoring system was established to grade the percentage of bronchi, vascular structures, or gas-exchange regions containing mononuclear inflammatory cells. Approximately 200 lung hpfs ( x 200) were scanned in each pig, and the approximate percentage (±10%) of structures with mononuclear inflammatory cells was noted.
Serum from pigs was obtained before gene transfer and at the time of death, and biochemical analyses were performed (Roche Biomedical Laboratories). All serological data are expressed as mean±SD. The pre-and post-gene transfer procedure results for serum electrolytes, creatinine and urea, liver function, lipid profile, glucose, and amylase were compared by using the paired Student's t test. In addition, ANOVA for repeated measures with Dunnett's t test was used to compare biochemical results from pigs transfected with RSVhpAP or ADV-hpAP with results from normal control pigs and saline control pigs. Statistical significance was assumed if a null hypothesis could be rejected at the .05 level.
Results
Expression of hpAP In Vitro
To determine the efficiency of transfection of RSV hpAP and ADV-hpAP in vitro, porcine endothelial cells were transfected with 1 to 10 jig RSVhpAP (complexed with 10 ,ug Lipofectamine) or ADV-hpAP at titers of 106 to 1010 pfu/mL. After incubation with the plasmid expression vector RSVhpAP, the percentage of endothelial cells expressing alkaline phosphatase was highest (15.2+0.09%) when using 5 ,ug DNA ( Fig 1A) . The percentage of porcine endothelial cells expressing alkaline phosphatase after adenoviral infection rose with increasing titers ( Fig 1B) . Approximately 100% of endothelial cells demonstrated alkaline phosphatase staining at titers of 109 and 1010 pfu/mL (MOI, 104 and 105 pfu per cell); however, cytotoxicity was observed 24 hours after incubation with an adenoviral titer of 1010 pfu/mL (MOI, 105 pfu per cell). Based on these studies, a DNA-to-liposome ratio of 5 ,ug DNA:10 jug Lipofectamine and an adenoviral titer of 1 x 109 pfu/mL were chosen for in vivo experiments.
Expression of hpAP in Pulmonary Arteries and
Alveoli In Vivo To investigate recombinant gene expression in the pulmonary vasculature in vivo, the RSVhpAP or RSVnt lacZ expression vectors with cationic liposomes and the ADV-hpAP or ADV-AE1 vectors were injected into the left posterior basal artery of 24 pigs. Thirteen pigs were transfected with liposomes and were euthanized at 20 minutes (n=2), 5 days (n=4), 14 days (n=4), and 28 days (n=2). In the group of pigs euthanized at 5 days, three were transfected with RSVhpAP, and one was transfected with RSVnt lacZ plasmid. Eleven pigs underwent adenoviral infection in the lung and were euthanized at 5 days (n=6), 14 days (n=3), or 28 days (n=2). Of the six pigs euthanized after 5 days, five were infected with ADV-hpAP, and one was infected with ADV-AE1. Control experiments were performed in four additional pigs. Two pigs received saline infusions through the end hole of the catheter and were euthanized at 5 days (saline controls), and two pigs served as normal controls.
To determine the localization of DNA in the pulmonary vasculature and parenchyma after in vivo gene delivery, radiolabeled DNA complexed to cationic liposomes was instilled through the end hole of the balloon catheter into the left posterior basal segment artery of two pigs. No radiolabel was observed in the nontransfected right lung from either pig (Fig 2A) . In contrast, radiolabeled DNA was present in pulmonary arteries, veins, capillaries, and alveoli, but not in medium or large bronchi, 20 minutes after introduction into the left lung of both pigs (Figs 2B through 2D). These results suggest that plasmid DNA was distributed through the pulmonary vasculature, including arteries and veins, and to surrounding alveoli.
To examine the transfer of plasmid DNA in the lung, samples of transfected left lower lung, nontransfected left upper lung, and nontransfected right lung were analyzed for the presence of vector DNA by using PCR at 5, 14, and 28 days after in vivo gene transfer. In the nine pigs transfected with cationic liposomes, hpAP DNA was detected in transfected lung segments in seven, including three of three pigs at 5 days ( Fig 3A) , two of four pigs at 14 days, and none of two pigs 28 days after gene transfer. In the 10 pigs infected with the ADV-hpAP vector, hpAP DNA was detected in the transfected left lung segments of seven, including five of five pigs at 5 days ( Fig 3B) , two of three pigs at 14 days, and none of two pigs at 28 days after gene delivery.
To confirm expression of the recombinant hpAP gene, we analyzed transfected lung tissue for the presence of recombinant hpAP mRNA by reverse transcriptase PCR. hpAP mRNA was readily detected from tissue resected at 5 days in three of three pigs transfected with cationic liposomes and five of five pigs infected with adenoviral vectors (Fig 4A and 4B) .
Pulmonary Cells Transduced After Intravascular Delivery
Expression of recombinant hpAP protein was detected by histochemical analysis following heat inactivation of endogenous alkaline phosphatase. Human alkaline phosphatase staining was not present in the nontransfected right lung ( Fig 5A) . Within the transfected lower left lung, alkaline phosphatase staining was not observed in the conducting airways (see white arrow, Fig SB) . Human alkaline phosphatase staining had a distribution in transfected lung similar to that noted in the radiolabeled DNA studies, with prominent staining of cells lining arteries, arterioles, capillaries, and alveoli (see black arrows, Fig SB through SE) . Focal staining for human alkaline phosphatase in alveolar septa was also seen. This was compatible in staining pattern with either endothelial or alveolar epithelial cells, as determined by antibody staining for vWF or cytokeratins AE1/AE3 (Fig 6) . Cells introduced into a porcine left posterior basilar segment artery through the end hole of a balloon occlusion catheter for 20 minutes. The specimens were removed, fixed in 4% (wt/vol) paraformaldehyde, exposed for 2 weeks, and counterstained with hematoxylin and eosin. A, No DNA was detected in the nontransfected contralateral right lung of either pig in vascular or bronchial structures. B, C, and D, In both pigs, labeled DNA was detected with the lower left lung in cells lining small vessels (C, black arrow) and in alveoli (D, black arrows) but not in bronchi (C, white arrows). Representative sections are shown. Original magnifications x100 (A and B) and x400 (C and D). structures that expressed alkaline phosphatase protein had an endothelial cell staining pattern, as determined by anti-vWF antibody staining. Alveolar cells that expressed alkaline phosphatase protein had an epithelial cell staining pattern, as determined by antibodv staining to cytokeratins AE I/AE3. Epithelial cells lining the bronchi did not express alkaline phosphatase protein (see white arrow. Fig 5B) . Within the vasculature, endothelial cells primarily expressed alkaline phosphatase. since very few cells located beneath the endothelial cell layer in arteries stained positive for alkaline phosphatase. Alkaline phosphatase staining was not observed in transfected or nontransfected lungs from control animals injected with RSVnt lacZ liposomes or an ADV-AE1 vector.
We next examined the efficiency of gene transfer in transfected lung tissue 5 days after introduction of the hpAP gene with liposomes and adenoviral vectors. Quantitative morphometry was used to count the number of alkaline phosphatase-positive cells and the total number of cells within hpfs of serial sections of transfected lung specimens. A ratio of alkaline phosphatasepositive cells to the total number of cells was calculated 2036 -1638 -1018 506 for each hpf. and the ratios were averaged for each animal. Expression of alkaline phosphatase in the three pigs transfected with liposomes was variable, ranging from 0.1Cc to 16%c (1.9±l.5,c, mean±SEM) of cells in vascular structures and alveoli. In the majority of sections. O.1lc to 2% of cells expressed alkaline phosphatase. Expression of alkaline phosphatase protein in adenovirus-infected lung (n=5 animals) was also variable. but the absolute number of positively stained cells was higher. ranging from C% to 96% (22.6+7.6%. mean+SEM). In the majority of hpfs. 10% to 60% of cells expressed the recombinant protein.
Persistence of Gene Expression
We investigated the persistence of gene expression in transfected lung tissue harvested 14 and 28 days after gene transfer. Analysis of staining in DNA liposometransfected lung tissue harvested at 14 days (n=4 pigs) showed persistence of alkaline phosphatase staining in two of four pigs. Expression was observed in <1% of cells. In lung tissue harvested at 28 days (n=2 pigs), alkaline phosphatase staining was not observed, probably because of loss of the transgene although possibly because of sampling error. Lung specimens infected with ADV-hpAP harvested at 14 days demonstrated alkaline phosphatase staining in two of three animals. However, expression was diminished compared with tissue biopsied at 5 days and ranged from <1 % to 14% of cells. Alkaline phosphatase staining was not observed in ADV-hpAP-infected lung specimens harvested at 28 days.
Analysis of Inflammation in the Lung
To determine whether adenoviral gene transfer is associated with an immune response, lung and other organs were examined for inflammatory cells. In transfected and nontransfected lung specimens, inflammatory cells were observed primarily in the peribronchial , saline control group, and normal control group, suggesting that the inflammatory cells were unrelated to the vector, cDNA, or catheterization (Table 1, Fig 5F) . The percentage of inflammatory cells in the peribronchial and perivascular regions was variable, and no consistent pattern was observed related to vector or time following gene transfer. Peribronchial inflammatory cells have been observed in these farmraised domestic pigs in previous gene-transfer studies. including normal control pigs.2' Few inflammatory cells were observed in the gas-exchange regions.
Analysis of Systemic Toxicity
To determine whether delivery of cationic liposomes or adenoviral vectors into the pulmonary vasculature is associated with systemic toxicity, the following parameters were examined. Hemodynamic parameters (heart rate, blood pressure, and single-lead electrocardiogram) were recorded throughout the gene-transfer procedure. The procedure was well tolerated by all animals, with no adverse periprocedural hemodynamic effects and no adverse clinical sequelae during the postoperative period. Macroscopic and histological examination of the resected lung tissues revealed no evidence of pulmonary infarction distal to the site of balloon occlusion in any of the animals.
Biopsy specimens of contralateral lung, carotid artery, heart, liver, kidney, spleen, lower limb skeletal muscle, and ovary or testes were examined by light microscopy (D.G.) for pathological changes. Occasional minor abnormalities were observed in both experimental and control animals ( Table 2) , including focal portal mononuclear inflammatory cells in the liver, focal tubular stasis and interstitial mononuclear inflammatory cells in the kidney, and splenic congestion. These findings were not clinically significant and were also observed in saline control pigs and normal control pigs.
In addition to the examination of organ pathology, we performed an analysis of serum enzymes that provides a biochemical indicator of organ toxicity. Blood samples from pigs transfected with RSVhpAP or ADV-hpAP ;' t s
x.ol FIG 6. Expression of alkaline phosphatase protein in transfected porcine pulmonary tissue in vivo. Alkaline phosphatase protein staining was observed in cells of the alveolar septa in a representative section from a pig transduced with an ADV-hpAP vector (A). Note that the alveolar septa contain epithelial cells, as indicated by cytokeratin AE1/AE3 staining (B). Endothelial cell staining is also shown, as indicated by anti-von Willebrand factor staining (C; D, black arrows). Panels A and B show formalin-fixed paraffin-embedded tissue (original magnification x200). Panels C and D show methyl Carnoy-fixed paraffin-embedded tissue (original magnification x400).
were compared with samples from normal pigs that had no experimental manipulation and with samples from pigs injected with saline. These samples revealed no statistical differences in liver function or in lipid, glucose, amylase. or serum electrolyte levels among the normal control, saline control, and the two experimental groups (Table 3 ). There was a small rise in serum creatinine and urea in the saline control and experimental groups that was not statistically significant. The small change in renal function was not associated with any detectable histopathologic change in the kidneys and may have been related to postcatheterization volume status. In summary, gene transfer to pulmonary arteries with liposome and adenoviral vectors was not associated with major organ histopathology or biochemical abnormalities compared with control arteries.
Discussion
The purpose of the present study was to test the hypothesis that recombinant genes can be expressed in the pulmonary vasculature in vivo after percutaneous catheterization. The recombinant reporter gene hpAP was expressed in both the pulmonary vasculature and alveolar septa. but not in the bronchi, after intravascular delivery of liposome and adenoviral vectors. Expression of alkaline phosphatase protein was observed 5 days later, was diminished at 14 days. and was absent at 28 days. Pulmonary artery gene transfer using these viral and nonviral vectors was not associated with significant pulmonary or systemic organ pathology or biochemical abnormalities.
Gene transfer and expression were observed predominantly in vascular structures and alveoli but not in conducting airways. This pattern of gene expression is in contrast to endotracheal gene delivery, which results in gene expression localized primarily to the respiratory tree: epithelial cells lining the bronchi in the proximal airway and alveolar cells in the distal airway, but not arterial endothelium.3i 6 l ' These differences in localization of gene expression are not unexpected, since anatomically the lung contains parallel bronchial and arterial units, which consist of pulmonary arteries that follow the airways through the lung segments and fan out into capillaries located in the alveolar septa. The bronchi; V, vasculature; and A, alveoli (gas-exchange region). The percentage of bronchi, vascular structures, or gas-exchange regions containing mononuclear inflammatory cells was determined in each pig. The numerator is the number of pigs with 0% to 30%, 40% to 60%, or 70% to 100% of bronchi, vasculature, or gas-exchange regions with inflammatory cells. The denominator is the total number of pigs in the treatment group at the designated time point after gene transfer. In normal control and saline control pigs, upper left lung, lower left lung, and right lung were analyzed. endothelial cells lining the arteries form an uninterrupted cell layer extending out to the gas-exchange region, and the airway and artery systems interface only in the alveolar region, where the alveolus comprises an endothelium lining the capillaries, an epithelium lining the air spaces, and an interstitium housing connective fibers. Although it is possible that both endobronchial and intravascular gene delivery result in gene transfer and expression in alveolar cells in distal airways, intravascular gene transfer is a preferable approach for investigations of the pulmonary vasculature. Within the pulmonary vasculature, gene expression was observed primarily in the endothelial cell layer. These findings are similar to observations in sheep carotid arteries15 and rabbit coronary arteries,18 in which infusion of adenoviral vectors into these vessels resulted in gene expression limited to the endothelium. We evaluated alkaline phosphatase expression at 5, 14, and 28 days after gene transfer. Gene expression was highest at 5 days after liposomal transfection and ade-noviral infection and was decreased by 14 days. With both vectors, gene expression was not detected by 28 days. These findings of short-term gene expression after adenoviral infection of blood vessels are consistent with previous studies examining adenoviral gene transfer into uninjured sheep carotid arteries and veins,15 unin- It is unclear whether these findings are due to sampling error, loss of transgene, or cellular immune responses. Persistence of gene expression would not be expected from liposome or adenoviral vectors, in contrast to retroviral vectors, because these vectors do not stably integrate into the host genome. However, short-term gene expression may be advantageous for studies investigating the expression and function of recombinant genes in pulmonary arteries or for the treatment of temporally discrete vascular diseases. Liposomal gene transfer has previously been shown to be a successful means of introducing foreign DNA into cells of systemic arteries,33-35 with a low likelihood of immunologic side effects or mutagenicity, although liposomes are less efficient in gene transfer than are adenoviral vectors. Adenoviral vectors have several advantages and disadvantages compared with other vectors. In contrast to retroviral vectors, adenoviruses do not require host cell replication for efficient gene transfer and expression. The effectiveness of transfection is due in large measure to the fact that recombinant adenoviruses can be produced in very high titer (1010 to 1011 pfu/mL). Although adenoviral vectors have been used to achieve high levels of gene transfer to a variety of cell types, including vascular endothelium,15.8,36,41 myocardial cells,'8,37,38 and respiratory epithelium,3,5-7,10,39,40 gene expression is transient. In particular, the duration of gene expression may not be adequate for the treatment of chronic diseases. Several investigators have noted loss of gene expression within 3 to 4 weeks of gene transfer to endothelial cells in vivo.15,18 although more stable expression has been noted in neonatal animals. 42 The reason for the relatively short duration of expression after adenoviral gene transfer is unclear but may be due to loss of viral genome18 or an immune response directed against adenoviral proteins.
Endobronchial delivery of high-titer (109 to 1010 pfu/mL) adenovirus (serotype Ad5) in the baboon has been associated with peribronchial mononuclear cell infiltration and alveolar edema.43 A lymphocytic infiltration has been observed after high-titer adenovirus gene transfer to the liver in mice. 44 In contrast, transbronchial delivery of a recombinant type 2 adenovirus in cotton rats was not associated with a local inflammatory response. 40 In the present study, 109 pfu/mL Ad5 serotype adenovirus was delivered by an intravascular route. Inflammatory cells were observed in a peribronchial and perivascular distribution in normal control pigs, saline control pigs, and genetransfer pigs, but inflammatory cells in the gas-exchange regions were minimal. Inflammatory cells were observed in a perivascular distribution after adenoviral infection, but there did not appear to be a major difference compared with liposome-transfected, saline-injected, or normal pigs. It is possible that these domestic farm-raised pigs may have had prior exposure to pathogens in comparison with the laboratorybred primates, resulting in chronic inflammation in the lung, which was difficult to distinguish from an acute cellular immune response. Alternatively, the immune response to these adenoviral vectors may vary between flammation in other organs after gene transfer with liposome or adenoviral vectors.
These studies demonstrate that intravascular pulmonary gene transfer in vivo results in-gene expression in both the vasculature and alveolar septa. Although the present study used a reporter gene, hpAP, the findings suggest that other recombinant genes could be expressed in the pulmonary vasculature by using liposome or adenoviral vectors. Gene transfer to the pulmonary vasculature may be used for the study of basic aspects of pulmonary artery function, such as in vivo investigations of gene expression and function. Tissue-specific gene expression might be examined by using lung-specific promoters. In addition, the expression of recombinant genes in pulmonary cells might facilitate the development of gene therapy approaches to pulmonary vascular and alveolar diseases, such as pulmonary fibrosis and pulmonary thrombotic disorders.
